While it is true that many traditional cardiovascular risk factors are amenable to intervention in chronic kidney disease (CKD), the results of intervention may not be as efficacious as those obtained in the general population. Thus, there may also be a unique milieu established in CKD, which causes excess cardiovascular disease (CVD) burden by mechanisms that are as yet not fully recognized. Recently, vitamin D has sparked widespread interest because of its potential favorable benefits on CVD. However, the mechanisms for how vitamin D may improve CVD risk markers and outcomes have not been fully elucidated. Furthermore, hypovitaminosis D is highly prevalent in the CKD cohort. Given this background, we hypothesize that low vitamin D status may act as a new CVD risk marker, and modulation of vitamin D signaling may be a potential therapeutic target to lower cardiovascular risk in CKD. The data presented in this review support that the low vitamin D status may be linked with the high cardiovascular risk in CKD, based on both the biological effects of vitamin D itself on the cardiovascular system, and the cross-actions between vitamin D signaling and the multiple metabolic pathways. Considering the high prevalence of hypovitaminosis D, limited natural vitamin D food sources, and reduced sun exposure in CKD patients, recommendations for treatment of hypovitaminosis D mainly focus on exogenous supplementation with vitamin D and its analogues. Although promising, when to start therapy, the route of administration, the dose, and the duration remain need to be discussed. Full-text PDF:
Background
The increased risk of cardiovascular disease (CVD) in patients with chronic kidney disease (CKD) has been well documented. Individuals requiring dialysis treatment have cardiovascular mortality rates that are 10 to 20 times greater than age-and sex-matched controls in the general population [1] . More specifically, a 50% contribution to the overall mortality makes CVD the leading cause of death in patients with CKD [2] . Indeed, even mild renal insufficiency is associated with increased rates of cardiovascular events, and moreover, this hazard may prove to be a long-term factor to be considered in childhood nephropathy which persists into adulthood [3, 4] . The increase in cardiovascular risk associated with CKD may be due to several mechanisms, including hemodynamic overload due to hypertension and anemia, dyslipidemia, a high prevalence of diabetes and impaired glucose tolerance, prothrombotic changes, hyperhomocysteinemia, increased oxidant stress, neurohormonal overactivity, divalent ion abnormalities, a high calcium phosphate product, and chronic inflammation [5] [6] [7] [8] [9] [10] [11] [12] . While it is true that above traditional cardiovascular risk factors are amenable to intervention in CKD, the results of intervention may not be as efficacious as those obtained in the general population [13, 14] . Thus, it has been hypothesized that there is a unique milieu established in CKD, which causes excess CVD burden by mechanisms that are as yet not fully recognized.
Vitamin D refers to a group of compounds that have antirachitic activity. It was initially discovered as a substance responsible for healing rickets. During the period of its discovery it was realized that there were 2 antirachitic factors with distinct structures -vitamin D 2 (ergocalciferol) and vitamin D 3 (cholecalciferol) [15] . Vitamin D can be produced in the skin as vitamin D 3 on exposure to ultraviolet-B (UVB) from the sun or obtained from the diet as vitamin D 2 [16] . Circulating 1,25-(OH) 2 D enters the target cell, either in its free form or facilitated by megalin, and binds to the vitamin D receptor (VDR) in the cytoplasm, which then translocates to the nucleus and heterodimerizes with the retinoic X receptor (RXR). The 1,25-(OH) 2 D-VDR-RXR complex then binds to vitamin D response elements on DNA to increase transcription of vitamin D-regulated genes [17] . The predominant physiological function of vitamin D is to maintain the calcium and phosphate homeostasis, and this is accomplished by close coordination with parathyroid hormone (PTH) [18, 19] .
Recently, vitamin D has sparked widespread interest because of its potential favorable benefits on CVD [20, 21] . Several cross-sectional and epidemiological studies suggested indirectly that vitamin D status could explain differences in mortality from CVD. Grimes et al recognized that mortality from ischemic heart disease was inversely proportional to the amount of hours of sunlight in the United Kingdom [22] . Douglas et al recognized that incidence and mortality rates from coronary heart disease demonstrated a strong seasonal pattern, with higher rates in the winter, when vitamin D levels are lowest [23] . Rostand reported that blood pressure increased with increasing distance from the equator and indicated that cutaneously synthesized vitamin D could be playing a role in the regulation of blood pressure [24] . In addition, several studies have also evaluated a baseline measurement of vitamin D status and prospectively evaluated long-term cardiovascular outcomes in subjects with no history of CVD. During a 10-year follow-up period, men in the Health Professionals Follow-up Study without previous CVD and hypovitaminosis D exhibited a 2-fold increased rate of myocardial infarction [25] [29] . CKD patients are at particular risk of 25-(OH)D deficiency because of a range of factors that do not directly depend on renal function; these include reduced sun exposure, impaired production of the 25-(OH)D precursor molecule, and reduced dietary intake [30] . In contrast to 25-(OH)D, circulating levels of 1,25-(OH) 2 D chiefly depend on the ability of renal 1-a hydroxylase to convert 25-(OH)D into 1,25-(OH) 2 D. This ability is decreased by a reduction in the nephron mass, and the hyperphosphatemia-induced increase in levels of the phosphaturic hormone fibroblast growth factor-23 (FGF-23), which both inhibits the production of 1,25-(OH) 2 D and increases its degradation [31] .
The hypoThesis
The increased risk of CVD in patients with CKD has been well documented. While it is true that many traditional cardiovascular risk factors are amenable to intervention in CKD, the results of intervention may not be as efficacious as those obtained in the general population. Thus, there may also be a unique milieu established in CKD, which causes excess CVD burden by mechanisms that are as yet not fully recognized. Recently, vitamin D has sparked widespread interest because of its potential favorable benefits on CVD; however, the mechanisms by which vitamin D may improve CVD risk markers and outcomes have not been fully explained. Furthermore, hypovitaminosis D is highly prevalent in the CKD cohort. Given this background, we hypothesize that low vitamin D status may act as a new CVD risk marker, and modulation of vitamin D signaling may be a potential therapeutic target to lower cardiovascular risk in CKD.
evaluaTion of The hypoThesis
It is speculated that 25-(OH)D itself has important biological effects on the cardiovascular system. Although the kidney is the major organ that converts 25-(OH)D to 1,25-(OH) 2 D by 1a-hydroxylase, many other cells, including vascular smooth muscle and endothelial cells, also express 1a-hydroxylase [32, 33] . 1,25-(OH) 2 D, synthesized from the circulating 25-(OH)D in these cells, binds the local VDR in the autocrine/paracrine pathways. 25-(OH)D circulates at a concentration about 1000-fold higher than that of 1,25-(OH) 2 D; this suggests that adequate 25D levels may also be necessary, especially for cells that rely on autocrine/paracrine pathways [34] . However, this aspect will require investigation.
In addition, the data presented below focus on the crossactions between hypovitaminosis D and the disturbances of multiple metabolic pathways in CKD. Clarification of these relationships may help to suggest possible underlying mechanisms, and might be of clinical importance in planning preventive and therapeutic strategies.
Vitamin D, calcium-phosphate metabolism, and cardiovascular function
In patients with CKD, the cardiovascular function is abnormal, characterized by increased cardiac contractility, arterial calcification, and structural remodeling. The link between vitamin D deficiency and cardiovascular dysfunction may be, in part, mediated through calcium-phosphate metabolism disorders such as hyperphosphatemia, hyperparathyroidism, and increased calcium-phosphate product [29] . Above all, vitamin D plays an important role in cardiac function. Cardiac muscle cells possess a VDR and calcitriol-dependent Ca 2+ binding protein. Moreover, a calcitriol-mediated rapid activation of voltage-dependent Ca 2+ channels exists in cardiac muscle cells, and the uptake of calcium by cardiac muscle cells is in part regulated by vitamin D 3 [35] . In experimental studies, vitamin D administration can normalize the impaired contractility of the myocardium. Baksi et al observed an increased contractility in response to increasing concentration of the extracellular calcium bath in the atria of rats maintained on a vitamin D-deficient diet [36] . The direct effects of vitamin D deficiency were suggested by Weishaar et al. Rats fed a vitamin D-deficient diet have increased amounts of collagen. This effect could not be suppressed by normocalcemia, suggesting that indeed this is a direct action/consequence of vitamin D deficiency [37] .
On the other hand, a cross-sectional study in high-risk CVD patients showed an inverse relationship between vitamin D levels and extent of arterial calcification [38] . However, several small observational studies have reported the association of vitamin D levels with arterial calcification [39] [40] [41] . The hypotheses were that vitamin D enhances calcium and phosphate absorption from the intestine and increases the calcium-phosphate product [18] . Interestingly, consistent with these findings in humans, an animal model of CKD showed that the administration of clinically relevant doses of vitamin D reduced arterial calcification [42] , while in another study rats fed a diet rich in cholesterol and extremely high in vitamin D (1.8 million units/kg) developed greater arterial calcification [43] . The recent discovery of FGF-23 has provided a unique tool to explain the effect of vitamin D in development of arterial calcification. Vitamin D stimulates FGF-23 secretion and is inhibited by increased FGF-23 [44] . Indeed, increased FGF-23 level has been associated with arterial calcification in patients with all stages of CKD, although its role is as yet incompletely understood [45] [46] [47] . Thus, evidence from clinical studies and from animal models supports the existence of biphasic relationships of vitamin D with calcium-phosphate metabolism and cardiovascular function, which demonstrates that lower doses suppress calcification and higher doses accelerate calcification [48] .
Vitamin D, PTH, and cardiovascular mortality
Hyperparathyroidism may occur early in the course of CKD as a consequence of vitamin D deficiency [49] . Vitamin D levels decline in the early phase of renal failure; however, PTH stimulates the production of 1,25-(OH) 2 D to return it to normal circulating concentrations [50] . Patients with elevated PTH concentrations are at higher risk of cardiovascular mortality. According to the statistical data reported by Hagström et al in a community-based cohort of 958 elderly men, a 1-SD increase in plasma PTH was associated with a 37% to 38% higher risk for cardiovascular mortality in the crude and multivariable models [51] . Several mechanisms may explain the link between PTH and cardiovascular mortality. First, PTH has been directly implicated in atherogenesis via vascular calcification and vascular remodeling [52, 53] . Second, PTH appears also to have detrimental effects on the myocardium via induction of left ventricular hypertrophy, cardiac calcification, and fibrosis [54] [55] [56] . Third, secondary hyperparathyroidism may be involved in the pathophysiological mechanism of hyperlipidemia seen in chronic renal failure [57] . Fourth, higher PTH is associated with both established cardiovascular risk factors and more recently described risk factors such as inflammation markers, renal dysfunction, and cardiac pathology [51, [58] [59] [60] . Finally, because PTH is one of the key regulatory hormones in the mineral homeostasis, it is possible that the plasma levels of PTH reflect other abnormalities along the same pathway, such as vitamin D deficiency, hypercalcemia, hyperphosphatemia, or renal failure, that predispose to a higher risk for cardiovascular mortality [51] . Thus the interplay between secondary hyperparathyroidism due to vitamin D deficiency and cardiovascular mortality in CKD is very complex.
Vitamin D, inflammation, and endothelial function
CKD is now considered a prototypical situation of chronic inflammatory state, and C-reactive protein (CRP), a nonspecific marker of inflammation, is regarded as a fundamental biomarker for endothelial dysfunction in these patients [61] . Endothelial dysfunction usually describes binding of monocytes to the endothelial surface, down-regulation of nitric oxide (NO) activity, reduced dilatory capacities, and an early event of arteriosclerosis [62] . The synthesis of CRP in the liver is induced by pro-inflammatory cytokines such as tumor necrosis factor (TNF)-a and interleukin (IL)-1 or IL-6 [63] [64] [65] . Vitamin D deficiency is associated with elevated
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Med Sci Monit, 2011; 17(6): HY14-20 levels of CRP and pro-inflammatory cytokines, and a lower flow-mediated dilation [66, 67] . Activated vitamin D has potent anti-inflammatory effects and endothelial modulation. Various groups have shown that the nuclear factor kappa-B (NFkB) family is linked to the VDR signaling pathway, and that Vitamin D inhibits monocyte NFkB p65 activation with down-stream suppression of various pro-inflammatory cytokines including TNF-a, IL-1, and IL-6 [68] . Subsequently, a number of genes associated with endothelial function and regeneration are modulated. These encompass increased endothelin B receptor expression, which, in turn, increases NO synthesis; and reduced oxytocin receptor expression, which causes vasoconstriction [69] . Should this be the case, vitamin D may improve endothelial function mediated by anti-inflammatory activities.
Vitamin D, Renin-angiotensin system (RAS), and blood pressure
One specific pathway that appears to be regulated by the vitamin D signaling in CKD patients is the renin-angiotensin system (RAS). This cascade features a sequential activation of angiotensin II, which in patients with CKD is likely to have deleterious effects on blood pressure and its associated disorders [70, 71] . Pioneering work by Y.C. Li at the University of Chicago has reinvigorated interest in vitamin D as an antihypertension agent [72] . His group clearly established that VDR knockout mice have elevated activation of the RAS and high blood pressure, which can be reversed with an angiotensin-converting enzyme inhibitor. However, with intact VDR activity or vitamin D supplementation, evidence suggests that these deleterious effects may be relieved through modulation of the RAS [73] . The following mechanism may account for the negative regulation of RAS dependent on vitamin D signaling. Experimental studies indicate that 1,25-(OH) 2 D participates in the transcriptional suppression of renin by sequestering cyclic adenosine monophosphate response element binding, a necessary factor for the transcription of renin mRNA [74, 75] .
Vitamin D, beta-cell function, and glucose metabolism
Recent observational data has highlighted an association between hypovitaminosis D and increased cardiovascular mortality in patients with CKD, possibly mediated via vitamin D effects on beta-cell dysfunction, impaired insulin secretion, and insulin resistance [76, 77] . Glucose metabolism has been examined as an outcome in these studies, and before-after treatment comparisons have demonstrated the improvement of glucose metabolism after a relatively short duration of vitamin D therapy. However, the longterm effects of vitamin D on glucose metabolism in CKD, and how these effects translate into clinical health outcomes, are not clear [78] .
Further data regarding the relationship between vitamin D and glucose metabolism are available in the general population. In a longitudinal study of Finnish men and women, a 40% reduction in the risk of developing type 2 diabetes was observed after 17 years of follow-up in those with 25-(OH)D levels >28 ng/ml at baseline [79] . One prospective study evaluated the effect of vitamin D supplementation (400 IU daily) on fasting glucose and found that subjects with impaired fasting glucose at baseline had less of a rise in fasting glucose concentrations during a 3-year period compared with subjects randomized to placebo [80] . Three mechanisms may explain this improvement. First, VDR is present in the beta cells of islets, and the islets can express 1-alpha hydroxylase, thereby activating 25-(OH)D. An indirect effect of vitamin D on insulin secretion is postulated by means of increased intracellular calcium in the islets [81, 82] . Second, VDR has also been identified in cells of the immune system. Modulation of the immune system has been proposed as an additional mechanism through which vitamin D may preserve long-term beta-cell function via effects on cell proliferation, differentiation, and apoptosis [83] . Third, a vitamin D response element has been described in the promoter region of the human insulin receptor gene, and vitamin D stimulated insulin receptor expression and insulin responsiveness for glucose transport in cultured human promonocytic cells [84, 85] .
Vitamin D, lipid metabolism, and atherosclerosis
Lipid abnormality is not only a striking feature of CKD but also contributes to the onset of atherosclerosis [6, 86, 87] . Derived from cholesterol, vitamin D is characterized by cleavage of the B ring of the core structure, hence the "seco" prefix vitamin D. Various forms of vitamin D belong to the sterol-class of lipids [15] . Increasing evidence suggests that vitamin D is related to lipid abnormality in CKD, which has been found to be associated with lower levels of serum 25-(OH)D [88] . Strong inverse associations between vitamin D and serum cholesterol, low density lipoprotein cholesterol (LDL-C), and triglyceride (TG) have been reported, and more importantly, supplementation of vitamin D could result in the improvement of lipid profiles [88, 89] . In a report by Gupta et al. [90] , treatment of logarithmically growing rat intestinal epithelial cells (IEC-6) in culture with vitamin D 3 caused an inhibition of the cholesterol biosynthetic pathway at 2 separate sites. At concentrations >2 pg/ml, vitamin D3 caused an accumulation of methyl sterols, indicating an inhibition of lanosterol demethylation. A second site of inhibition occurs at 3-hydroxy-3-methy1g1utay1 coenzyme A reductase, the rate-limiting enzyme in cholesterol biosynthesis at concentrations <2 pg/ml. In another study, Oh et al. [91] found that diabetes-derived macrophages cultured in 1,25-(OH) 2 D-supplemented media had decreased oxidized LDL-C and acetylated LDL-C uptake both qualitatively and quantitatively by 40% to 50%, respectively, compared with macrophages cultured in vitamin D-deficient media. In addition, a possible mechanism of action by which vitamin D lowers TG levels and protects against atherosclerosis is through an increased activity of the lipoprotein lipase, which has been shown to be regulated by vitamin D in adipocytes [92] .
On the other hand, in a survey of cardiovascular risk factors in 185 men and 173 women in Belgium, 25-(OH)D was shown to be consistently and independently associated with both the apolipoprotein A-I (apo A-I) and the high density lipoprotein cholesterol (HDL-C) concentration [93] . Although the mechanisms for the influence of vitamin D on serum apo A-I and HDL-C are not clearly elucidated, these findings support the postulate that avoidance of hypovitaminosis D could contribute to reductions in the risk of atherosclerosis [94] . Because apo A-I and LDL-C are involved in the reverse transport system that clears tissue cholesterol, lowering the availability of these will increase the risk of vascular damage associated with foam cell formation [95, 96] .
Vitamin D, coagulation homeostasis, and thrombosis
Patients with CKD exhibit features of a hypercoagulable state, which may contribute to their increased thrombosis [97, 98] . VDR is expressed in monocyte cells and vascular endothelial cells, suggesting potential roles of vitamin D in antithrombotic function [99, 100] . Ohsawa and colleagues found that 1,25-(OH) 2 D exerted anticoagulant effects by up-regulating the expression of the anticoagulant glycoprotein thrombomodulin (TM) and by down-regulating the expression of a critical coagulation factor, tissue factor (TF), in cultured monocytic cells and human peripheral monocytes [101] . Furthermore, to clarify whether activation of VDR plays any antithrombotic actions in vivo, Aihara et al. [102] examined the hemostatic and thrombogenic systems in normocalcemic VDR knockout mice on a high calcium diet and compared them with wild type and hypocalcemic VDR knockout mice. Their results demonstrated that the gene expression of antithrombin in the liver as well as that of TM in the aorta, liver and kidney was down-regulated in hypo-and normocalcemic VDR knockout mice, whereas TF mRNA expression in the liver and kidney was up-regulated in VDR knockout mice regardless of serum calcium level. Therefore, the activation of VDR elicits down-regulation of TF and up-regulation of TM gene expression.
consequences of The hypoThesis and discussion
Taken as a whole, the data presented above which come from observational or experimental studies support the hypothesis that low vitamin D status may be linked with the high cardiovascular risk in CKD, based on both the biological effects of vitamin D itself on the cardiovascular system, and the cross-actions between vitamin D signaling and the multiple metabolic pathways. Thus, modulation of vitamin D signaling is a potential therapeutic target to lowering cardiovascular risk in CKD. Considering the high prevalence of hypovitaminosis D, limited natural vitamin D food sources, and reduced sun exposure in CKD patients, recommendations for treatment of hypovitaminosis D mainly focus on exogenous supplementation with vitamin D and its analogues [28] [29] [30] . Although promising, when to start vitamin D therapy, the route of administration, the dose, and the duration remain to be determined.
In CKD, supplementation with 25-(OH)D is recommended at the inception of the disease, with the addition of 1,25-(OH) 2 D replacement beginning in stage 3 [103] . Because of a wide margin between doses recommended for repletion and doses considered unsafe, supplementation may be safely achieved with the use of vitamin D in oral form [31, 104] . The National Kidney Foundation clinical practice guidelines for bone and mineral metabolism focus on the use of vitamin D to suppress elevated PTH in CKD [30] . Although there is a general consensus that the serum 25-(OH)D concentration must be at least 20 ng/ml, recent studies suggest the possibility that it must be much higher. Several papers have shown that the level of serum 25-(OH)D required for complete PTH suppression was 30~32 ng/ml [105, 106] . According to the common estimation that each 100 IU of vitamin D administration can raise the serum level of 25-(OH)D by 1 ng/ml, recent quantitative studies now suggest that doses as high as 4000 IU daily may be required to maintain optimum levels of vitamin D in normal populations, and it is extrapolated that higher doses may be required in CKD patients to overcome the more profound deficits to which they are prone [31] . Holick [107] recommends a standard supplementation protocol for adult patients with CKD stage 2 and 3 to treat vitamin D deficiency using a 2-phase protocol: 50,000 IU of vitamin D 2 once per week for 8 weeks; repeat for another 8 weeks if 25-(OH)D <30 ng/ml. As for adult patients with CKD stage 4 and 5: 0.25-1.0 µg of 1,25-(OH) 2 D 3 by mouth twice a day or 1 of the following, 1-2 µg of paricalcitriol IV every 3 days, 0.04-0.1 µg/kg paricalcitriol IV every other day initially and can increase to 0.24 µg/kg, 2-4 µg by mouth 3 times per week, or doxercalciferol 10-20 µg by mouth 3 times per week or 2-6 µg paricalcitriol IV 3 times per week. However, specific recommendations for vitamin D intake for pediatric patients with CKD have yet to be proposed.
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